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Abstract. Vacuum ultraviolet light emission from xenon-doped liquid argon is described in the context
of liquid noble gas particle detectors. Xenon concentrations in liquid argon from 0.1 ppm to 1000 ppm
were studied. The energy transfer from the second excimer continuum of argon (∼ 127 nm) to the second
excimer continuum of xenon (∼ 174 nm) is observed by recording optical emission spectra. The transfer
almost saturates at a xenon concentration of ∼10 ppm for which, in addition, an intense emission in the
infrared at a peak wavelength of 1.17µm with 13000 ± 4000 photons per MeV deposited by electrons
had been found. The corresponding value for the VUV emission at a peak wavelength of 174 nm (second
excimer continuum of xenon) is determined to be 20000±6000 photons per MeV electron energy deposited.
Under these excitation conditions pure liquid argon emits 22000± 3000 photons per MeV electron energy
deposited at a peak wavelength of 127 nm. An electron-beam induced emission spectrum for the 10 ppm Ar-
Xe liquid mixture ranging from 115 nm to 3.5 µm is presented. VUV emission spectra from xenon-doped
liquid argon with exponentially varied xenon concentrations from 0.1 ppm to 1000 ppm are also shown.
Time structure measurements of the light emissions at well-defined wavelength positions in the vacuum
ultraviolet as well as in the near-infrared are presented.
PACS. 29.40.Mc Scintillation detectors – 33.20.Ni Vacuum ultraviolet spectra – 61.25.Bi Liquid noble
gases
1 Motivation
Liquid argon is frequently used or considered as scintillat-
ing material in various experiments in rare event physics,
e.g., direct dark matter search: ArDM [1], DarkSide [2],
MiniCLEAN [3], DEAP-3600 [4,5], DARWIN [6] or high
energy neutrino physics: ICARUS [7], LBNE [8]. In this
context it had been found that a small admixture of xenon
to the liquid can improve the scintillation efficiency [9].
Excitation of liquid or dense noble gases leads to the
emission of the so-called second excimer continuum in the
vacuum ultraviolet (VUV) spectral range [10]. It is known
from the gas phase that adding xenon to argon leads to
a strong modification of the emission spectrum [11]. The
emission is shifted from the second continuum of argon
at 126 nm to the second continuum of xenon at 172 nm.
This shift occurs already at small admixtures of xenon of
∼1 % in the gas phase. A series of argon-gas spectra with
a systematic variation of xenon content can be found in
[11].
Our present interest in the emission spectra of xenon-
doped liquid argon comes from a recent discovery of a
strong emission from this medium in the infrared (IR) at
∼ 1.18µm peak wavelength [12]. Since two parallel opti-
cal signals could improve the discrimination power of an
event-by-event particle identification in a scintillation de-
tector, we studied the corresponding emission spectrum in
a Andreas Ulrich: andreas.ulrich@ph.tum.de
the VUV for the xenon concentration of 10 ppm. For this
concentration the infrared emission has maximum light
output [12]. If it turns out that the intensity ratio or the
timing signals, or both, for the IR and VUV depend on the
type of the incident particle, it will be possible to build a
particle detector in which different particles can be iden-
tified on a pure optical basis (IR and VUV detector for
the scintillation light).
2 Experimental Setup
The excitation technique of the liquid target was identical
to that of previous IR experiments [12]. Briefly, a 12 keV
electron beam was sent through a 300 nm thin silicon-
nitride/silicon-oxide membrane into the liquid. Light was
detected via an elliptical imaging optics and a f=30 cm
monochromator (McPherson model 218) in combination
with a phototube with MgF2 entrance window and S20
cathode (ET Enterprises, D860B) operated in photon count-
ing mode replacing the InAs IR detector used in ref. [12].
The gas mixture was prepared at room temperature, puri-
fied (SAES getters, Model: MONO TORR® PS4-MT3-R-
2) and then condensed in the target cell. A metal bellows
pump kept the gas in a continuous flow in a closed cycle
where the gas was evaporated, purified and condensed into
the cell again via a heat exchanger. A heating resistor was
used to maintain a constant temperature (∼ 86 K) and the
flow of gas through the cryogenic cell was adjusted via a
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Fig. 1. Electron-beam induced VUV and IR emission spectra
of pure liquid argon (upper panel) and liquid argon doped with
10 ppm xenon (lower panel). In the VUV, the Xe doping leads
to a shift of the signal from the 127 nm Ar emission to the
174 nm xenon emission. In addition to the VUV, an IR emis-
sion is formed at ∼ 1.18µm peak wavelength (see ref. [12] for
details). Note the wide wavelength range in a logarithmic rep-
resentation from 115 nm to 3.5µm and the differently scaled
ordinates for the VUV and the IR parts of the measurement.
The scaling of the ordinates represents the measured integral
efficiencies of the main emissions in photons/MeV (see text
for details). The emission spectra from 115 nm to 500 nm were
measured with a photomultiplier with S20 cathode operated in
photon counting mode. The wavelength range from 500 nm to
3.5µm was scanned with an InAs infrared photodiode [12]. The
small peak at 149 nm in the upper panel is caused by a residual
xenon impurity which could not be removed completely.
bypass valve. A more detailed description of the experi-
mental setup can be found in ref. [13].
3 Spectral Shape and Scintillation Efficiencies
of Pure and Xenon-Doped Liquid Argon
The main question in the context of the motivation de-
scribed above is the shape of the emission spectrum and
the scintillation efficiency of liquid argon doped with 10 ppm
xenon in a wide wavelength range from the VUV to the IR.
With the two different detectors (VUV phototube in the
present work and InAs photodiode in ref. [12]) attached
to the monochromator we could record the electron-beam
induced light emission from pure and xenon-doped liq-
uid argon from 115 nm to 3.5µm. The result is presented
in Fig. 1. A logarithmic wavelength axis is used to show
the wide wavelength range in a reasonable way. The ef-
ficiency values presented in Fig. 1 were determined by a
wavelength integrated measurement in the regions of the
main emission features (see Fig. 4 and the discussion be-
low).
It has to be noted that in the VUV and in the IR re-
gion the relative spectral detector responsivities have been
included in the representation of the data. Furthermore
it is important to distinguish between the power of the
emitted light and the number of photons. The ratio be-
tween the photon energy at 174 nm and ∼1.18µm is ∼ 6.8.
The number of photons emitted in the ranges from 115
to 145 nm (upper panel, pure liquid argon) and from 155
to 190 nm (lower panel, liquid argon doped with 10 ppm
xenon) per MeV electron-beam power deposited was de-
termined in the following way: The cell was filled with
pure argon and xenon, respectively, in the gas phase at
1 bar and room temperature. A spectrum was recorded
with an electron beam current of 1.3µA ((11.1± 1.5) mW
for pure argon and (9.1±1.3) mW for pure xenon with the
energy loss in the entrance foil and the backscattered elec-
trons taken into account1). The conversion efficiency from
electron-beam power to excimer-light ((33± 4)% for pure
gaseous argon and (42± 5)% for pure gaseous xenon) had
been carefully measured in an analogue setup with a cal-
ibrated VUV detector also using a 12 keV electron beam
[14]. Then, pure liquid argon and liquid argon doped with
10 ppm xenon, respectively, were prepared and condensed
into the cell. The only setting which was changed from
the gaseous to the liquid measurements was the steering of
the electron beam and the alignment of the light collecting
mirror because of a slight change of the position of the tar-
get cell due to the thermal contraction of its holder during
cooling. Because of the practically identical spectral shape
of the light emission from pure liquid argon compared to
gaseous argon and from the liquid argon-xenon mixture
compared to gaseous xenon, the efficiency for the liquids
could be determined as (21±3) % energy efficiency, corre-
sponding to 22000±3000 photons/MeV (120 nm - 140 nm)
for pure liquid argon and (14 ± 4)%2 energy efficiency,
corresponding to 20000 ± 6000 photons/MeV (155 nm -
190 nm) for liquid argon doped with 10 ppm xenon, re-
spectively.
A corresponding value of 13000 ± 4000 photons/MeV
according to (1.3±0.4)% energy efficiency had been found
for the infrared emission. This value and the correspond-
ing error margins could be obtained from a detailed analy-
sis of the systematic errors of the experiment described in
ref. [12]. In summary, a liquid mixture of 10 ppm xenon in
argon is a scintillator which provides a comparable signal
in terms of photons/MeV in both the VUV and the IR
spectral range.
The authors are aware of the fact that in the case
of pure liquid argon the measured scintillation efficiency
(22000± 3000 photons/MeV) is approximately a factor of
1 The mean energy deposited in the gas by a 12 keV elec-
tron has been obtained by simulating the transmission of
the 300 nm thin silicon-nitride/silicon-oxide membrane using
GEANT4 [15]
2 The influence on the efficiency of a different amount of
backscattered electrons in the transfer from gaseous xenon to
liquid argon doped with 10 ppm xenon has been taken into ac-
count using a GEANT4 [15] simulation (accuracy: 10 %). The
mean energy deposited by a 12 keV electron sent through the
silicon-nitride/silicon-oxide membran into liquid argon doped
with 10 ppm xenon is 8.5 keV. When the cell is filled with pure
gaseous xenon, the mean energy is 7.0 keV.
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two below the efficiency of 40000 photons/MeV measured
by Doke et al. [16]. Note, however, that Doke et al. used
electrons with an energy of 0.976 MeV from a radioactive
source3 compared to 12 keV (∼ 8.5 keV after the entrance
membrane) electrons from a cathode ray tube in this ex-
periment. These low-energy electrons used here lose much
more energy per unit length than the relativistic electrons
of Doke et al. which could lead to a decreased scintilla-
tion efficiency due to the scintillator non-proportionality
which is caused by exciton-exciton quenching [17]. To the
best of our knowledge there exists no other published mea-
surement of the scintillation efficiency of pure liquid argon
using such low-energy electrons. A variation of the elec-
tron beam current from 1.3µA down to 100 nA showed
a constant scintillation efficiency. However, track-to-track
quenching caused by too high a beam current cannot be
excluded since the beam current could not be reduced be-
low 100 nA in a controlled way.
A GEANT4 simulation showed that the mean track
length the electrons travel before they are stopped is ap-
proximately 2.7µm in liquid argon. The mean penetration
depth of the electrons in the direction perpendicular to the
entrance membrane is approximately 1.5µm. Therefore,
the excitation happens in a very thin layer of argon close
to the entrance membrane. A radiationless deexcitation of
atoms and molecules at the surface of the membrane could
also explain the reduced scintillation efficiency compared
to [16].
It has to be emphasized that the efficiency values stated
here are derived from the absolute measurements in pure
gaseous argon and pure gaseous xenon published in [14].
There, a NIST/PTB calibrated optical semiconductor de-
tector (SXUV-100, IRD inc.) was used to measure the
excimer-light intensities (without any optical windows) for
exactly the same excitation method as in the experiments
presented here. Therefore, the measured scintillation effi-
ciencies in the VUV for pure liquid argon as well as liquid
argon doped with xenon can be traced back to a measure-
ment with a calibrated optical detector.
The energy transfer mechanism leading to the strong
change of the emission spectrum of pure liquid argon (ref.
[18,13] and Fig. 1 upper panel) to the one of the mixture
with the tiny amount of xenon (Fig. 1 lower panel) will be
studied in detail spectroscopically including time-resolved
measurements. The modification of the VUV emission spec-
trum by adding xenon to argon is displayed in Figs. 2 and
3 (upper panel) in the form of wavelength spectra recorded
with xenon admixtures ranging from 0.1 ppm to 1000 ppm.
Fig. 4 shows the integral intensity values of light emission
with increasing xenon concentration for the VUV as well
as the IR emission features. The data points in Fig. 4 were
obtained by integrating the raw data spectra from Fig. 2
for the VUV and Fig. 2 in ref. [12] for the IR and normal-
izing them to the measured efficiencies in photons/MeV.
The shift of the main VUV emission from 127 nm to
174 nm is a benefit for scintillation detectors in two ways:
Firstly, the VUV emission is shifted to a wavelength region
where photomultipliers generally become more sensitive
3 Internal conversion electrons from 207Bi.
Fig. 2. Electron-beam induced VUV emission spectra of mix-
tures of 0.1, 1, 10, 100 and 1000 ppm xenon in liquid argon.
An energy transfer from the argon emission at 127 nm to the
xenon emission at 174 nm with increasing xenon concentration
is clearly visible. At 10 ppm xenon in argon the energy transfer
in the VUV is almost complete and this mixture has a max-
imum in the light output in the IR region. The spectra were
corrected applying the detector response function. For the ex-
planation of the absorption dip at ∼ 130 nm, see Fig. 3.
Fig. 3. The VUV emission of electron-beam excited liquid
argon doped with 0.1, 1, 10, 100, 1000 ppm xenon is shown
(upper panel). A decreasing argon-excimer emission at 127 nm
peak wavelength and an increasing xenon-excimer emission at
174 nm peak wavelength are visible. The spectra were corrected
applying the detector response function. However, below 140 nm
the spectra are overestimated by a factor of approximately two
due to a systematic error in the detector response in that wave-
length region. Note that at 10 ppm xenon in liquid argon the en-
ergy transfer is almost complete (see also Fig. 4). The 10 ppm
mixture has maximum light output in the IR region. The lower
panel shows the transmission of liquid argon doped with 0.1 ppm
xenon measured with a deuterium light source and a length of
the optical path of 116 mm in a not yet published experiment.
In the experiments described here the light had to travel only
2 mm from the light emitting spot at the entrance membrane to
the first optical window.
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Fig. 4. Integral amount of light in photons/MeV from the ar-
gon VUV emission (120 - 140 nm, black squares) and the xenon
VUV emission (155 - 190 nm, red dots) for different xenon con-
centrations in liquid argon. The green triangles represent the
integral amount of light in photons per MeV from the IR emis-
sion (1100 nm - 1600 nm) of the different mixtures. The energy
transfer from argon to xenon is clearly demonstrated by the de-
creasing argon emission and the increasing xenon emission. At
10 ppm the energy transfer in the VUV is almost complete (86%
compared to the 1000 ppm mixture), indicated by the arrow in
the upper part of the figure. This mixture also shows maximum
light output in the IR region [12].
due to the spectral responsivities of the cathode materials
and the increased transmissions of the window materi-
als. One could also think of using photomultipliers with-
out wavelength shifters and quartz windows. Secondly, the
main emission is shifted to a wavelength region where a
high transmission of xenon-doped liquid argon has been
measured (see Fig. 3, lower panel). Xenon in liquid argon
leads to a transmission minimum at 127 nm. Therefore
xenon can be a critical impurity, in particular for large
liquid-argon detectors. A detailed analysis explaining the
origin of the transmission minima can be found in ref. [19]
and references therein. A detailed study of the absorption
of VUV light for the 0.1 ppm to 1000 ppm mixtures will
be published in a separate paper.
For the scintillation-detector aspect it is important to
note that the energy transfer from argon to xenon begins
to saturate already for the 10 ppm mixture. A compari-
son of the data in Fig. 4 with those presented in Fig. 7 of
reference [11] shows that in the liquid at 0.1 ppm the ra-
tio of the integral VUV emission features related to argon
and xenon, respectively, correspond roughly to those at
100 ppm in the gas phase. An emission of the first excimer
continuum of xenon also appears in the liquid phase but
can only be seen in logarithmic representation of the data.
It is also interesting to note that infrared lasers in dense,
gaseous Ar-Xe mixtures have optimum operation condi-
tions around 3000 ppm to 5000 ppm Xe in Ar [20,21]. The
VUV emission spectra are dominated by the 147 nm Xe
line [22] under these conditions.
4 Time Structure of the VUV and the NIR
Emission in Xenon-Doped Liquid Argon
To judge whether the newly found VUV and IR emis-
sions could be used in a particle detector the time struc-
ture has been measured using a standard time to ampli-
tude conversion technique. The electron beam was pulsed
with a repetition rate of 8 kHz and the duration of the
pulses was ∼100 ns. The time structure of the IR emission
was measured with a near-infrared photomuliplier (Hama-
matsu NIR-PMT Module H10330B-45 SEL) attached to
the monochromator instead of the InAs photodiode. Due
to the increased sensitivity and the huge dynamic range
of the photomultplier compared to the InAs photodiode
it was possible to measure the IR emission with increased
resolution. In Fig. 5 the electron-beam induced emission
spectrum of liquid argon doped with 10 ppm xenon mea-
sured with the NIR-PMT from 925 nm to 1360 nm is pre-
sented. The spectrum shows two new symmetrically shaped
emission features centered at 964 nm (FWHM: 28 nm) and
at 1024 nm (FWHM: 27 nm), respectively. Until now, these
emissions features could not be resolved using the InAs
photodiode. The emission feature centered at 964 nm was
probably already observed in pure liquid argon by Heindl
et al. (see Fig. 2 in ref. [18]). In our last publication [12] we
believed that this emission was an artifact due to the nor-
malization of the spectrum with the response function of
the spectrometer used for that spectral region. A measure-
ment of the emission spectrum of pure liquid argon with
the NIR-PMT will finally clarify this issue. The intense
asymetrically shaped IR emission peaking at∼1.18µm [12]
could be confirmed and the exact peak wavelength is at
1173 nm (FWHM: 99 nm).
Fig. 6 presents the measured time structures of liquid
argon doped with 10 ppm xenon at 131 nm, 174 nm and
1182 nm where the latter two corresspond to the most in-
tense emission wavelengths of the mixture. The data are
shifted in time to match at zero. However, the VUV mea-
surements at 131 nm and at 174 nm have the same tempo-
ral zero point since these time structures were measured
using the same photomultiplier (VUV-PMT). The NIR-
PMT has a different internal delay compared to the VUV-
PMT. A beam-current variation by a factor of 16 did not
change the measured time structures at 174 nm as well as
at 1182 nm. Furthermore, a variation of the photon rate
did not have an influence on the measured time structures.
In the measurements the rate was adjusted by the slits
of the monochromator so that approximately one photon
was detected every 50th to 100th pulse. The time range
of the time-to-amplitude converter was calibrated using a
precision pulse generator (Stanford Research DG535).
The VUV emission at 174 nm peaks at ∼ 250 ns, i.e., ∼
150 ns after the end of the excitation pulse. After that the
light intensity decreases. After ∼ 1µs the time structure
can be described by an exponential decay with a decay
time of (240±10) ns. However, so far we hesitate to present
a model describing the time structures observed. Such
a model would require concentration-dependent measure-
ments of the time structures to identify the different pro-
cesses and the corresponding rate constants of the reaction
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Fig. 5. A near-infrared emission spectrum of electron-beam in-
duced scintillation of liquid argon doped with 10 ppm xenon is
shown. The spectrum has been measured with a near-infrared
photomultiplier (Hamamatsu NIR-PMT Module H10330B-45
SEL) from 925 nm to 1360 nm with a wavelength resolution of
0.5 nm (slit width: 50µm). The signal has been corrected apply-
ing the detector responsivity provided by the manufacturer. The
intense, asymetrically shaped ∼ 1.18µm IR emission discovered
in ref. [12] could be confirmed and two new minor symmetri-
cally shaped emission features centered at 964 nm and 1024 nm,
respectively were discovered (see text for details). The solid red
lines show the wavelength positions of the time structures pre-
sented in Figs. 6 and 7, respectively. The red dashed lines de-
note wavelength positions where additional time structure mea-
surements have been performed.
chains. Therefore all the decay-time constants presented
in the following are just phenomenological best fit values
of exponential decays which are fitted to the data.
The time structure of the IR main emission feature
has been measured at five different wavelength positions
(1137, 1182, 1236, 1284, 1347 nm) indicated by the red ver-
tical lines in Fig. 5. The decay-time constants at these five
different wavelengths had a maximum deviation of 15%
around a mean value of 175ns. This is a strong hint that
in this broad IR emission feature no further IR emitting
species with significantly different time constants are in-
volved. Time-structure measurements at more wavelength
positions with much higher statistics have to be performed
to reduce the statistical errors and to clarify whether a
wavelength dependent time structure is hidden within this
intense IR emission. Therefore, the discussion below is re-
lated only to the measured time structure at the peak of
the emission at 1182 nm.
The IR emission at 1182 nm peaks faster than the
174 nm VUV emission. The decay of the 174 nm VUV
emission can well be described by a single exponential de-
cay only after the IR emission has decayed completely. In
the time interval where the 1182 nm emission is still de-
caying the time constant of the 174 nm emission changes
from a slower to a faster decay. This could be a hint that
the 174 nm VUV emission is a transition in a cascade fol-
lowing the 1182 nm emission.
Fig. 6. The time structures of the electron-beam induced scin-
tillation (VUV and NIR) of liquid argon doped with 10 ppm
xenon are shown. The excitation pulse had a duration of ∼
100 ns with a sub-structure in intensity. The black curve shows
the time structure of the most intense emission feature in the
VUV at 174 nm (Xe excimer). The red curve shows the time
structure of the most intense emission in the near-infrared part
of the emission spectrum measured at a wavelength of 1182 nm.
The emission in the VUV at 131 nm is also shown for compari-
son. It can be attributed to argon excimers (see text for details).
The decay-time constants are: (202 ± 2) ns (fitted from 0.2µs
to 1µs) for the emission at 131 nm, (240 ± 10) ns (fitted from
1.0µs to 1.6µs) for the emission at 174 nm and (173 ± 3) ns
(fitted from 0.4µs to 0.8µs) for the emission at 1182 nm.
The VUV emission at 131 nm (compare Fig. 2) shows a
fast component basically reproducing the excitation pulse
and a slow component with a time constant of (202±2) ns
(see Fig. 6). This feature can be attributed to the emission
of argon excimers where the triplet liftime is strongly re-
duced due to the energy transfer from argon to xenon.
In pure liquid argon the triplet lifetime is of the order of
a microsecond [18]. In conclusion, the two main emission
bands measured at 174 nm and at 1182 nm have decayed
completely after approximately 2.0µs and 1.2µs, respec-
tively. These time structures are well suited for a parti-
cle detector, since no long-living components are involved
which would increase the noise level and the dead-time of
a detector.
The time structures of the newly discovered emissions
at 964 nm and 1024 nm peak wavelength have also been
measured and the time spectra are presented in Fig. 7.
These emissions can be compared directly since they were
measured with the same NIR-PMT.
5 Summary and Outlook
In summary, it has been found that the efficient energy
transfer from argon to xenon which is well known from
the gas phase is also present in the liquid phase. This had
already been observed in the context of recording emission
spectra from nominally pure liquid argon [13,18,23] and
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Fig. 7. The time structures of the electron-beam induced scin-
tillation of the newly found near-infrared emission features
are presented. The excitation pulse had a duration of approx-
imately 100 ns. The black curve shows the time structure at
a wavelength of 966 nm and the red curve at a wavelength of
1026 nm. The decay times are much longer than the decay times
of the main emission features (174 nm, black curve in Fig. 6
and 1182 nm, red curve in Fig. 6).
in Fig.1 (upper panel) where a small residual emission of
xenon is visible at 147 nm indicating an impurity. The im-
portant result of the present study is that 10 ppm xenon in
liquid argon are sufficient to shift the main emission in the
VUV from the argon-excimer emission (127 nm peak wave-
length) almost completely to the xenon-excimer emission
(174 nm peak wavelength). An additional infrared emis-
sion at 1.17µm peaks at this xenon concentration.
The time structures of both emissions are well suited
for a particle detector since the emissions have short decay
times which leads to a low noise level and a low dead-time
in a particle detector. It seems that a particle identifica-
tion based on the singulet to triplet ratio like in pure liquid
argon detectors is not possible anymore (see e.g. refs. [4,
5]). However, a second intense signal in the near-infrared
may have the potential of developing scintillation detec-
tors with simultaneous light detection in the VUV and
IR for particle identification. Experiments to study this
aspect are in preparation.
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